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TUTHODUCTION s 


The exhaust of a Diesel engine mey contain various 
emounts of carbon cloxide, oxygen, Garbon monoxide, nitrogen, 
water vapor, sulfur diloxice, hydrogen, enc methane. The 
amcunt of each constituent cepencs upon the conditions of 
operation in esch eae; such ae: (a) the type of engine; 

(hb) the type of combustion; (¢) the sneed; (a) the load: 

(e}) the fuel and (f£) the emount of air supplied. Several 
methods have been used to determine the air to fuel ratio 

at which the engine is operating anc the degree of Incomplete 
combustion from the pmreentagea of the verlious conetituents 
of the exheust greea. In making an anelysie of the exhaust 
gages for such e purpose by the metheds illustrated in refere 
ences {b) and (e) the emount of water vapor cannot be deter- 
wdmed because of the water present in the anpparatue. Similer- 
ly the emount of sulfur dioxice cannot be cetermined by there 
mothodea and 19 assumed to be absorbed by the liquid in the 
apparatue, Maleev, reference (c), ucecd a mothed based upon 
tha smounte ef earbon Cloxice, oxygen, carbon monoxide, nltro- 
gen, hydrogen, and methane. Thie method, however, has the 
Ginadvantage of requiring leboratory apparatua toc elaborate 
for fiel@ ure. Gerrish and Tessmen, reference (b), using the 
same oxheust ces analysis epperetua, found that the amounts 
of hydrogen and methane were emall anc related te the amount 
ef cerbon monoxide. Therefore, the important constituents 


GGi'7 


are carbon Gioxide, oxyscen, end carton monoxide, eince the 
amount of nitregen con be computed from these. The pereen-e 
tages by volume of carbon dioxide, oxegen, and carbon monoxe- 
ide in theo exhauet geses cen be found with the Great appare 
atus, Two methods of Getermining the air to Puei ratio and 
decree of ineomplete combustion from the carbon dioxide end 
oxye@en in the exhaust seses are the Ackermann, reference (a), 
and the Oetwald, reference (Db), Combustion Triengles. 

The Ustwealc vombustion Triangle 1s a diagram showing 
the porcentegeea by volume of cerbon dioxide, oxygen, end carbon 
monoxide in the geses resulting from the combustion of a defi- 
nite fuel with various quentities of air. Thus, vith known 
sercentases of earben Gioxice and oxysen the excees sir factor 
anc the pementage of carbon monoxide can be found from the 
Sstwald triengle. The theoretical minimum pounds of air ree 
guired fer complete combustion of one pound fuel multiplied 
by the execese air factor gives the sir te fuel retio, pounde 
of eir per pound of fuel. The Ostwald triangle hes been used 
with sueeess to determine both the air to Puel ratio and the 
percentage of carbon monoxice with engines operating on the 
Otte oyele, reference (b). It hse been used succeesfully alse 
with Diesel engines, references (b) and (g). Figure 1 18 a 
trpical Ostwala Combustion Triengle. 

The Ostweid Combustion Triangle is baeed upon the saesump- 


tion thet ineoemplicte combustion resulte in the formation of 


carbon monoxide. It hus been found, however, thet in meny 
cases incomplete combustion texes place in Diesel encines 
with bich percentezes of excess air without the formation of 
carbon monoxide. In these cases soot instead of carbon ron- 
oxide wes found in the exhaust geses, reference (a). For 
this rereon Dr. Ing. G. Ackermenn formulated a combustion tri- 
engle besed upen the sssumption that soot end not carbon mone 
oxide results from incomplete combustion, referenee (a). The 
Ostwalcé and Ackermann triangles are similar in thet both uee 
the percentages by valume of carbon dioxide and oxyzen in the 
exhaust gesses to indicate the excess sir fseetor and thus the 
air tc fuel ratio. The Ackermann triengie for given percen- 
teses of cerbon dioxide and oxysen alse indicetes the amount 
of ssot es unburned cerbon, a fraction of the cerben in the 
fuel, instead of the percentegze of carbon monoxice. Figure & 
is a typical Ackermann Combustion Triangle. 

Soth the Ostwalc and Ackermenn triangles are based upon 
the approximate enalysis of the fuel being used, mrticulisarly 
the parts by weight of hydrogen anc carbon anc the resultant 
hfe ratio. Unfortunately the manufacturers selling fuel fer 
Diesel engines do not furnish this analysis end in monany cases 
co nol even meke such an analysis. Therefore a Diesel encine 
operator in order to use either combustion triangie is fereed 
either to heave an anniyeis mede of his fuel or to assume thet an 


analysis given in reference tadlee is that of his fuel. 


Therefore, in view of the above questions facing the 


Diesel engine opsrator, tests were meds om a 4 cytle, 4 evlin- 


cer, 8 


solid injeetion, pre-combustion chamber Caterpillar ene 


of a stencerd comercial cesicn te Gatermine the follow+- 


1. The poresntages by volume of carbon dioxide, oxygen 


anc eerbon monexice in the exhenet grees. 


&, “he relative merits ef the Oatwelé ané séchermenn 


combustion triengies,. 


Se The variation in the results obtained with the Ost- 


walic ond Ackermann diagrams when the exect analysis of the 


fuel ic not mow. 


APPARATUS : 


fe 


Ce 


Hilesel Engine 
Caterpiliar 04400; 4 cylinder; ¢€ cycle; solld 
injection; pre-combustion chamber. Bore 4.6 in.; 
etroxe £.5 in.; power, 44 BHP et 1400 FPN. 

Toad 


foreague Slectric Dynamometer. 
SO HP; speed 1650-3000 EPR. 


Speed Measurement 
Slectrically operated counter and cleck. 
Puel Measurenent 


1Vi.E mel. burette connected to fuel system by 
thresewaey valve; copper Coneteantan thermocouple. 


Sir Measurement 


Bell mouth orifice, diemeter 1.6 in.; differential 
creft cauce. 
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F. Exhaust Gas Analysis 


Water aspirator; Orsat apvaratus. 
PROCEDURE: 


A. General: 

At the beginning of each day's operation the engine was 
started and allowed to warm up, first with no load and then 
under load until steady operating conditions of temverature and 
oil pressure were reached. The fuel pump throttle lever of the 
engine, 3 in Figure 5, was then set to give the desired speed. 
The dynamometer was adjusted to give the required load. The 
air intake valve, 4 in Figure 4, was set for the approximate 
aGrop across the air orifice, 5 Figure 4, previously computed 
for the desired air change, as indicated by the draft gauge, 

5 Figure 4. Since throttling the air supply reduced both the 
speed and the output of the engine, it was then necessary to 
rebalance the load by adjusting the rheostats of the dynamo- 
meter and to increase the speed by changing the position of 
the fuel lever. When a balance had been obtained the engine 
was allowed to run for several minutes before data were taken. 
During the time taken for the fuel consumption measurement an 
exhaust gas sample was obtained for analysis. The above pro- 
cedure was repeated for different loads, speeds, and air 


charges. 


B. Fuel Measurement: 

The time end revolutions for the consumption of 195.5 
milliliters ef fuel were obtained by the operation of the elec- 
trically controlled clock and revolution counter in conjunction 
with the 195.5 m.1. burette, 1 Figure 5, and three-way valve, 

2 Figure & The fuel temperature was measured with a copper- 
constantan thermocouple. The weight of fuel consumed in pounds 
wee computed with the aid of a specific cravity vs. tempera- 


ture curve. 


C. Air Measurement: 

The barometric vressure was obtained from a standard 
mereury berometer in the laboratory. The wet and dry bulb 
temperatures were taken with a sling psyenrometer in the vicin- 
ity of the engine. From these the specific humicity was com- 
puted by the method of ©. H. Carrier and C. 0. Mackey, refer- 
ence (ad). With the specific humidity the gas constant, RK, was 
comouted by the method of Zerban, reference (e). The specific 
humicgity was also used to compute the pounds of dry air per 
pound of mixture. The air tempereture just before the ori- 
fice was obtainec with a mercury thermometer. The pressure 
Groo across the orifice wes measured by a differential draft 
gauge. The temperature of the Craft gauge fluid was measured 
end its svecifie gravity found. The pressure drop in inches 
of water was then computed. The sbove data were used to ob- 


tnin the pounds of dry air per minute. 


D. Exhaust Gas Analysis: 


In order to obtein & representative serple of exhaust 
gee from all four cylinders, the sample was tuken from the 
mid point of the exhaust moeanifolad, near the vertical riser 
connecting the manifold to the exneust pipe, 2 Figure é€. A 
weter aapiretor, < Pigure 5, wae used to aic in removing the 
ganple. To avoid the absorption cf carbon-diozxzice by wter 
the aspirator was not used as a storege tank, but instead the 
Sample wes transferred immecdiately to the OGraat apperatus, 1 
Frisure 3, end the analysis meade es soon as poeeible. The 
primery function of the etpiretor tank wes that of a mixing 
chamber to insure a representative sample from all four cylin- 
ders. The Great was used in the normal feehion, pesses in 
each pinetitte being continued until two consecutive mensure- 
ments wore the eame. Likewise sevaral samples were anelyzedc 
fer each run until two consecutive semplee cave consistent 
results, Preesautions were teken to evoid contemination of 
samples by sweeping out the Orant end eepirater tenk. The 
line from the engine to the eanalysia epparatus wes kept swept 
out between enalyses by permitting the exhaust genses to blow 
through it to the atmosphere. 








Shen using eithor the Oetwald or Ackermann corbustion 
triengie with oe Diesel engine, it must be remembered that 
encsines differ in many respecte and that the results obtained 
with one engine will not necessarily held for a1] engines. 

Yor instance, a Viesel engine may bave either eir or solid 
injeetion and may or may net heave a pre-combuetion chamber. 
Therefore the results found with this particuler engine end 
presented in thie Ciecuesion may not be general for all Diesel 
engines. 

The tests were conducted at verious apeecds from 700 to 
1400 NPM and with verious loads an represented by braice mean 
effective pressures (NVEP) from if to CO pounds per square 
ineh. Gnfortunately no apparatus was available to measure the 
amount af soot in the exhaust. Nowever, the exhaust pipe supe 
pifed umple evidenee that soot wes preeent in anopreeciable 
amounts. “Therefore, the comparison ef the Ostwald end Acker- 
mann triangles was besed upon the amount of carbon monoxide 
found with the Creat and the agreement of the eir to fuel ratio 
es computed to thet actually mee@ured, About one buncred runs 
were made at various loadsa and sxeetis over 4 range of air to 
fuel ratios from 14.4 to 1 to 61.8 to 1 (pounds of air per 
pouné of fuel). 

Ostwald and Ackermann combustion triengles were con- 
struoted for eight different fuels Geserivbed in Table 1. The 
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choice of these fuels was based upon their approximate analy- 
ses being representative of those of possible Diesel fuels. 
The hydrogen to carbon ratios of these fuels varied from .129 
to .1935. Only one fuel was actually used in the engine. All 
references to fuels of verious h/e ratios and to a fuel desig- 
nated by a number pertain to those of Table 1 which were used 
to construct the different Ostwald and Ackermann combustion 
triangles. 

The percentages by volume of carbon dioxide, oxygen, 
and carbon monoxide as determined by the Orsat apparatus are 
shown in Figure 6 as functions of the air to fuel ratio mea- 
sured. It is to be noted that no carbon monoxide was found 
until the air to fuel ratio was below 19 to 1 and that as the 
ratio was decreased below this value the amount of carbon 
monoxide increased rapidly. In other words, carbon monoxide 
did not appear until the excess air had been reduced to about 
50 per cent. Figure 7 indicates for 1500 RPM and a BMEP of 
50 pounds per square inch the percentages by volume of carbon 
dioxide, oxygen, and carbon monoxide as functions of the air 
charge efficiency. The latter is indicated as the pounds of 
dry air per revolution. Curves similar to those of Figure 7 
were obtained for other loads and speeds but the charge effi- 
ciency range was limited by the engine's failure to maintain 
the load and speed. -No carbon monoxide was found until the 
air charge had been reduced appreciably. Figure 8 shows the 


amount of carbon monoxide as a function of charge efficiency 


at 1500 RPM for various loads as indicated by BMEP in pounds 
per square inch from 15 to 60. Figure 9 is the same as Figure 
8 except that the speed was 900 RPM. It is to be noted that 
at both speeds carbon monoxide cid not appear at a constant 
air charge. Instead the air charge at which carbon monoxide 
first appeared increased as the load increased. The fuel pump 
rack on this engine was controlled by a governor so that for 
any setting of the fuel lever a constant speed was maintained 
over the load range. Consequently as the load was increased 
more fuel wes injected. Therefore the air charge in pounds 
per revolution representing about 30 per cent excess air in- 
creased as the load increased, 

Figure 10 shows the specific fuel consumption in pounds 
per brake horse power hour as a function of the percentage by 
volume of carbon dioxide and oxygen in the exhaust for 1500 RPM 
at a BMEP of 30 pounds per square inch. Similar curves were 
obtained for 1300 and 900 RPM at loads from 15 to 60 pounds per 
square inch BMEP. As the amount of oxygen decreased and the 
amount of carbon dioxide increased the specific fuel consump- 
tion increased. However, no value of either oxygen or carbon 
Gioxide could be found as a criterion of a radical change in 
specific fuel consumption. 

Figures 11 and 12 show the carbon monoxide as indicated 
by the different Ostwald diagrams as a function of the air to 
fuel ratio actually measured. On the same figures is shown the 


actuel carbon monoxide found in the exhaust with the Orsat. It 


20 


ia to be notec thet the indicated carbon monoxide for all 
dfagrars except one veried over the air to fuel retic renge 

ef 20 to $5. The curves shown in thie range in seen case are 
for the sversge only. Ail clagrame indicated o riee in the 
emount of cerbon monoxide for air te fuel ratios below 00 and 
ebove 55. In every case except one the carhon monoxide indie 
catec wes greater than that found. The Ostwald trieansle based 
upon fuel 6, with the hicheet h/e ratio of .1955 incicated 
sero cardon monoxice for air to fuel ratios from 20 to $& in 
arreement with that found, but ean increese in carbon monoxice 
above >5. Helow en air to fuei ratio of £0 to 1 itt alse indie 
cated en increase but the values were lese then actual. In 
fact 1t showed zero carbon monoxide for en air to fuel ratic 
as low as 17,5 to 1 when carbon monoxide waa ectuelly present. 
Por anv air to fuel ratio each Ostweld ciarcram ceve no differe- 
ent smount of cerbon monoxide sinee the h/e ratio of the fuel 
upon which each Clagram wee besed was different. 

Pigures 15 to 10 inclusive show for eeeh of the eight 
fuele of Table 1, for which the combustion triangles were con- 
tracted, the agreement of three sir to fuel ratios chtrined 
from the combustion triangles with the air to fuel retio mea- 
eured. Me curve, thet ef the highest air to fuel ratios was 
ebtained from the Acvermann ciagrar, taking eecount of the 
unburned earton indicated sae soot by the triangle. The curve 


of the loweet ratios was odteinecd from the Acvermann diagren, 


il 


ignoring the amount of seot indiceted, The curve resulting 
from the Ostwald cilegram shows air te fuel ratios which ere 
eoproximetely the mean of those indicated by the two Ackermean 
curves. In each case above an air to fuel ratio of £0 to lil, 
when the smeunt of soot Indiented wee coneidered the Ackermann 
triensie gave the best eaegreement within about © per cent. The 
emaant of soot indicated wes different for each Ackermann dia- 
creme depending uven the h/o ratio of the fuel for whieh the 
diagram was constructed. The emount of soot indicated would 
be correct only when the h/e ratio of the fuel for whieh the 
disgram wae constructed was the same ae thet of the fuel setue 
eilly burned in tne engine. However, over the sir te fuel ratic 
range frem £O to 61.5 the air to fuel ratio obtained by the 
Ackermann triengle, considering the emount of soot ehow by 
the triengie, waa sufficiently eccurate regerdiess of the h/e 
ratio of the fuel for which the triangle was constructed. For 
en air to fuel ratio below 20 to 1, however, each Ackermann 
triengle indicated practically a constent air to fuel retio 
which wae hisher than thet meseured. This is to be expected 
&inee the Acwxormann triangle is based upon the assumption of 
soot formation alone with no carbon monoxide while carbon mone 
oxide wes present for air to fuel ratios below 2&0 to 1, 

very Ostwalc diagram extept the one constructedc for 
the fuel with the highest h/e ratie, Fuel 6, b/e * .1935, ine 
dicated an air to fuel ratio appreciably lees than that measured 


Le 


for eir to fuel ratios above £0 to 1. The error incressed 

as the air to fuel ratio increased antil abowe £0 to 1 the 
Ostwald triangle indieeted on approsch to a constant ratio. 
The Oetwald triencle ie besed upon the presence of CO as an 
indieation of incomplete combustion. For air te fuel retios 
above £0 te 1 no CO was found end the Ostwald diegrame indi- 
cate complete combustion. It was evident, however, that in 
this renge there was a certein amount of incomplete combustion. 
The error of the air to fuel ratio obteined from the Cstwald 
Giegrams varied with the h/e ratio of the fuel fer which the 
dingrem was conetructed. It would be expected thet for air 

to fuel ratios below [0 to 1 where GO was setumliy founé the 
Oatwaicd triangle would give air to fuel ratios with good 
aereement. However, this was the case only for those ciacrans 
constructed for fuels with the higher b/e retiosa. All other 
triencles indicated air to fuel retios leas than those messured. 
It would eppear that even in the air to fuel ratio renge where 
CO exists the Ostwald triancle gives the correct air to fuel 
ratio only when mace for «a fuel whore h/e retio is very close 
to that of the fuel used in the engine. 

The air te fuel ratios obtained from the Ackermann tri- 
angles when the unburned carbon indiceted was isnored were in 
every case lese then those obteined from the Ostwald diecran 
and mere in error. 

Tigure 18 shows the results obteined from the Ackermann 
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and Ostwald triangles for the fuel with the highest h/e ratio 
of .1935, Fuel 6. Again the Ackermann triangle, considering 
the soot indicated, gave very good agreement for air to fuel 
ratios above <O to 1 and a constant air to fuel ratio greater 
than the actual below <0 to 1. However, for ratios above 20 
to 1 both the Ackermann triangle, ignoring soot, and the Ost- 
wald triangle also gave good agreement, especially up to an 
air to fuel ratio of about 35 to 1. Above an air to fuel 
ratio of about 50 to 1 both again exhibited a tendency to 
approach a constant value less than the actual ratio. For 
air to fuel ratios below 20 to 1 the Ostwald triangle gave 
excellent agreement. It is to be noted in this case from 
Figures 2O and 26 that the Ackermann triangle for this fuel 
indicated no soot for air to fuel ratios between 2O and 50 
and the least amount when any was indicated. However, Figure 
12 shows that for air to fuel ratios below 20 to 1 the Ostwald 
triangle for this fuel indicated less CO than that found. One 
fact concerning this fuel that the figures do not show is that 
several pairs of measured COs and Oo which gave good results 
for the diagrams based upon the other fuels fell outside the 
combustion triangles for this fuel. 

Figures 20 to 24 inclusive show for 1300 RPM and BMEP's 
of 15, 30, and 40 pounds per square inch the soot indicated by 
the various Ackermann triangles as a function of the cherge ef- 


ficiency. The latter is again represented by the pounds of dry 
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air per revolution. In each case the soot indicated by the 
diagram varied seemingly independently of the air cherge and 
the curves drawn are for average values only. For a given 
air cherge, med, speed, and carbon dioxide and oxygen con- 
tents the amount of soot indicated was different for each dia- 
gram. It is evident that part of the amount of soot indicated 
is a correction factor for the difference between the h/c 
ratio for which the triangle was constructed and that of the 
fuel actually used in the engine. 

Figures 25 and 26 show the soot indicated by the vari- 
ous Ackermann triangles as a function of the air to fuel ratio. 
Again the amounts for each diagram varied and the curves show 


average values only. 


CONCLUSIONS : 


The results of the various tests indicated the follow- 


ing for this particular engine: 


I. All Speeds, 700 to 1400 RPM; All Loads, BMEP 15 to 60 Ib/in® 
A. Air to Fuel Ratios Greater than 20 to 1 
1. No CO found by Orsat 
2. All Ostwald triangles except that for fuel with 
greatest h/e ratio indicated CO 
3. Ostwald triangle for fuel with h/e = .1935 indicated 


no CO 


bs 


All Acvermann trianglea when seot indicated was 
considered gave air to fuel retios within © per 
cent of correet value rererdiess ef fuel for 

whieh constructed. 

Ali Ostwald triongles indicetec eir to fuel ratios 
toe low by more than 2 ver cent. Error veriled 
with h/e ratio of fuel for which triangle waz con~ 
structed. Jrror incrensed as sir to fuel ratio 


increased. 


Air to Puel Ratios iss than 20 te l 


Le 


Oe 


CO pregent; first aprvearance at air to fuel ratic 
or 19 te 1. 
All Ostwald triangles exeept that for fuel with greate- 


est h/e ratio indieated slightly more CO than thet 
found, 

Ostwald triangle for fuel with h/e = .1955 indiceted 
less CO then that found. 

411 Ackermann triengliee indicated constant air to 
fuel ratio ereater then actusl. 

All Gstwale diagrams for fuels with hich h/e ratios 
indicatec air to fuel ratios within & per cent of 
correct value. 

Ostwald diagrare for fuels with low b/e ratios indie 
cated eir to fuel ratios iess than actual oy sbout 


) per cent. 
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C. Air to Fuel Ratios 14.4/1 to 61.5/1 
1. All Ackermann triangles indicated various amounts 
of soot independent of air to fuel ratio. Amount 
indicated varied with h/e ratio of fuel for which 
triangle was constructed. 
2. All Ackermann triangles indicated increased soot 


for both very high and very low air to fuel ratios. 


II. 900 and 1300 RPM; All Loads BMEP 15 to 60 Ib/in® 
A. Air charge at which CO first appeared not constant, 


increased as load increased. 
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Left Side of Engine Looking Forward 
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APPENDIX : 


Air Feasurement Formulas 


Weicht of moisture per pound of dry sir; grains of 
moisture per ib. of dry air. 


weight of moisture per pound of dry air when saturated 
at a temperature corresponding to temperature of adia- 
batic saturation t'; srains of moisture ver lb. of dry 
air. 


& * ty * ary~-bulb temperature; OF 


tt r 


te = 
+a = 
yr? 2 
25 = 
Wo! = 
AD - 
P = 
AD - 
et = 
Aw a 
AW — 
wiew= 
Aw = 


temperature of adiabatic saturation or cerrected wet 
bulb temperature; OF. 


wet bulb temoersture, SF, 

ty + .008(tg - ty). 

latent heat of water vapor. 

stancard Barometric Pressure = 29,92 in. Hg. 
wt at Po. 


difference between Observed Parometric Pressure and 
Standard; in.He. 


Observed Barometric Pressure, in. Hg. 
pw Po & 


vapor pressure corresponding to the temperature of 
adiabatic saturation, t'; in. lig. 


change in w! due to AP. 
change in w due to AP. 
(1680+0.45wt )(t-t") 
r? + 0.42 (t-t! ) 
“Wy ' 


AP 


th 
en 


APPEND IX : 


Air Measurement Forrulas (Cont. ) 


Aw 


A cating mage 
: ) + 24blt-t') 
rt 

or 

’ 
Approximately;aw = os 

1 + tot 
2300 


grains of moisture per pound of dry air at Barometric 
Pressure PP. 


w tAW . 


Specific Humidity = pounds of moisture per pound of 
Gry eir at Berometric Pressure P. 
Y 
7000 “ 
vounds of dry air per vound of mixture at Barometric 
Pressure P ,. 


1 
1 + Wy! 





gas constant for sir corresponding to specific 
humidity, Wy! . 


pounds of dry air per minute. 

diameter of crifice, inches = 1.& inches. 
pressure Crop across orifice, inches iisd . 
temperature of air just before orifice, °F. 


coefficient of discharge = .99 . 


AV PHNHDITX : 
hiry Measurement Formabes (Cont. ) 


Pi. ~ 
/LOrd XCX Wea [ eae 


a 
ee + rie Pw, & 5 ‘ wk 2 
we" ET idee Fa psdeo) * M4(.401P~.0861p) x 14¢( 0561p) }? 


-p{25.61?=p) 4 lb. of dry air 


? x VM; “L &. 
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APPENDIX : 
Fuel Measurement Formulas 


v = volume of fuel burette = 195.5 cc. 
te = temperature of fuel, "+. 
s = specific gravity of fuel at temperature, tr . 


T = time for consumption of 1 burette, min. 





F = fuel consumption, lo. , 
mine 
ge -LXF_« 195.5 $ _ .451 8 ib. of fuel 


Air to Fuel Ratio: 


|e We ib. of air 
FE F lb. of fuel 
Toad : 
L = load on dynamometer scale, ib. 


L!' = tare load of dynamometer = 10 1b. 


K = dynamometer constant = 4000 
N = RPH 

t{T.T,! = 
BHP = N(L-L') — N(L=10) 


K £000 


pup = 2PUAN , pupp = 35,000 BHP 


33,000 2 1AN 


1 = stroke = 5.5 inch. 


A = Brea = Tae; ad = 4.5 inch. 


APPENDIX: 


ru Veas: 
Fuel Measurement Pormulas (Cont. ) 


eugp = 2022320) , 33,900 | ig x 4 


C2 ou 


ye 
4000 oH £.5 x 4,8 7 
BMEP = .565(L«20) ib/in® 


Spec. Fuel Consumption = r.22 aad 
ep 0”) BHP .bn 
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APPENDIX : 


Ackermann Combustion Triangle Formulas 


c = carbon; part by weight in 1 pound of fuel 

h = hydrogen; part by weight in 1 pound of fuel 
o = oxygen; part by weight in 1 pound of fuel 

n = nitrogen; part by weight in 1 pound of fuel 
s = sulfur; part by weight in 1 pound of fuel 

M = molar volume at any normal condition 


For complete combustion of 1 pound of fuel with minimum oxygen. 


Cc h s 
elbC + hlbH + slbS + nlbN + M(y5 + Z + 5 )ft50, = 


6} h 3 nh 
M(yaft°coeg + Sft°He0 + goft3sdg + saft°Ne) (1) 


Assume SOQp formed by combustion absorbed in liquid of analysis 
apparatus. 


Assume soot and not CO formed by incomplete combustion. 


CQ. = 


“SA 


by volume of COs in exhaust gases 
O2 = % by volume of Oo in exhaust gases 
No = % by volume of Ne in exhaust gases 


CO> + O29 + No = 1 (2) 


Oxygen consumed for formation of COp = volume of C0Oo . 
Volume of water vapor formed by combustion = Hs0 . 


He. . n/e 


h 
; Hod = 6 2 CO 
~» ee ° 0h . 


APPENDI : 
Ackermann Compustion Triengie vormulas 
Oxygen consumed for formetion of HoO0 = & = COp ° 


[dkewlee, oxygen consumed for combustion of sulfur = 5 2 C0g . 


For Gompleto combustion; in i ft° of ary exhaust gases 


total exygen in combustion products + free oxygen = 
(1 +32 +2 8)co + og (3) 


Not = nitrogen eupolied by fuel . 


No’ . oa/88 ., ra 2 
Cop efi tC RO FG OO8 - 


Sitrogen supplied by air = nitrogen in exhaust gases - nitrogen 
supplied by fuel. 
Nitrogen supplied by eir = Ho « et, 


Qxygen supplied by air for combustion measured by nitrogen 


supplied dy sir. 


Oxygen supplied by air = =x Ig Geljat } = Sa(iige = 75 2 = $0e) (4) 


Gxygen supplied by fuel = Of, 


— Gee 


GOp 3/12 ° 3 ; 


Therefore, for complete combustion: for 2 ft! dry exheust geses 


@ “ on SO 
Total oxygen = SAU pati" ) +O!" = aa Nos wo C8n) + FS Oe 
(5) 


APP HERDIA : 








Ackermann Cosebustion Triangle Pormules (Cont.) 


Equation (3) = Bquation (5) 
Hliminate Ne by Bquation (2) 
Therefore, 


5 oF A hh 28 0.5 2 ty ~~ 
[4.76 + eat SES + EK & mH) ICOg = 1 = 4.76 Og (6) 


tet Oo be abscisse and CO, ba the ordinate of rectenguler 
coordinetes. 
Equation (6) is equation of hysetenuse of combustion triengle. 
vo measured pair of COo and Oo can idle outside of triengic. 
Yor incomplete combustion, point corresponding te COs and Oo 
as measured ilies ineide triangle. 
Incomplete comburtion; assume soot only and not CoO formed. 
Assume soot la nure carbon. 
x = measure of seot formed 
x = fraction of ¢ in one pound of fuel which dces not burn 
Unburned ecerbon for 1 pound of fuel = xe 
Burned carbon for 1 pound of fuel = (lezx)e 
Therefore, eubetitute in equetion (6) (lex )e for ec. 
ei [4e7G{l=x)e + on + S5676(Sh + - 8 - = 0)sCOg = 1 = 4,76 Op 
(lex je 
(7) 
ror x = constant, equetion (7) reoresenta o Linear relation 


detween CUs arni Oo . 
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APPENDIX : 
Ackermann Combustion Triangle Formulas (Cont. ) 


For various values of x, equation (7) gives a family of 
straight lines all passing through COs = o and Oo = .21. 

For x = 0, equation (7) becomes equation (6) and represents 
hypotenuse of combustion triangle. 

For x = 1, equation (7) represents the Oo a xis, the abscissa. 
Thus, the amount of unburned carbon, x, can be found corres- 
ponding to any measured values of COo and Oo in exhaust 

gases, 


Equation (7) will not hold if fuel is pure carbon. 


Let e = excess air factor. 


Actual air supplied 


Mini mam air for complete combustion 


pound of fuel ee co 
1 ft° of dry exhaust gases M(1-x)e z (8) 


se J. g#@ 4 8s SE 
Minimam air for 1 pound of fuel = 31 M(+5 a a5 a5 ) ‘ 


Therefore for each ft° of dry exhaust gases 


- "= c h S$ O 1lé 
Minin a? * lee, - re * i * a eae Oe 


e me ly A SD 
Aetual air = Liny = “79 (1 - COg - 02 - F Ticxje 9) (10) 


Therefore 


eel ©1(] ~ COe = Oo - = MN _. COo )(1-x) 
PT od a. oe : 2605 (11) 


min. (1 + 3 ._* —_——- = = 





RPP RWI, Ix. ‘ 


Ackermann Combustion Triansle Formulas (Cent. ) 





Bliminete (l-x) in equation (11) by equation (7) 


21 3 
2 = CGo = O& Epi BtSbe pe- Eo 
~ 2 © 4.76(00p40¢ ) e+Sh+ ve - = 
£1 35 
mee (12) 





e+Sh+ =s 7 0 


<1 .3n + Sh + Se - So 
teta= 7 SM 
3 


o 
¢ + oh + ge = 70 





and 7 


49) 


mn 


~2yta 


2 + Sh + £0 - po 


Then equation (12) becomes 


Ss 
ui 
Hy 


Cp = i = b - €@ (13) 


ji «= as 76 (b+e ) 


voy b= constant; equation (15) gives a linear relationship 


~~ 
3 


between OOo and Oo . 
For various values of = » equation (15) gives a family of 


streight lines making en angle of 45° with CGp and Oc axis. 


APPEEDIX s 





Lat 


SKatwajd Combustion Triangie Porzilas 


© ™= carbom in 1 pound of fuel 


bk = hydroren in 1 pound of mel 


hd 
it 
b OD 


COa ' by volume of COp in exhaust gases 


ey 
oO 

it 
Bw 
g 


volume of CO in exneuet gases 
GHg = & by volume of Cig in exhaust gases 
No = % by velume of No in exhaust gases 
eO = 7 by volumes of Hp0 in exhaust gases 
Gg = excess oxygen 

Go! = oxygen coneumed 


c = gxcess nir factor 
On present 
Om required for complete commustion 


= 12(C0g + CO + Cig) 
h © 6,015(Hp + Het + 20Hg) 


& fs ; : 
1Z(GQ_ + CO + CHy) 
Fie} a 5 BOSE (C05 + CO + Cig } al Ho ad eCHs (2) 
7Uel 
Neg "= fo.9 (% * %') (3) 
Oot = Cd + ~ co + - Hod (4) 


Substitute Hip from (2) in (4) 
Substitute Oo from (4) in (3) 


DO 


APPENDIX: 


Ostwald Combustion Triangle Formulas (Cont.) 


Then 
No = 3.785 05 + 35,785 COo + 1.892 CO - 1.892 Ho - 
5.785 CH, + 11.268 K (COp + CO + CHg) (5) 
But 
Sn © 10+ @& = OO, - 6© - = Chg (6) 


Equation (5) = Equation (6) . 


Oo + COo(1 + 2.355K) + CO(0.604 + 2.555K) - 0.186 Ho - 


1 COs + CO + + Ho + F Hoo + 2CHy ’ 
“= 2 co 4 (8 ) 


@ | 


Os + GOp + 5 CO + & H20 


Substitute HoO from equation (2) in equation (8) . 


(1+2.977K ) (C0 +CO+CH, ) 


er caine ammeeraane merece etiame te onttereie tpooeetenneend 
8 [054005 (1+2.977K )+C0( .5+2.977K-CH, (1-2 .977K)- : Ho J 
(9) 


Assume, CHyg = .c23; Hoe = .51 CO 


Then equation (7) becomes, 


Oo + COo(1 + 2.355K) + CO(.509 + 2.355K) = 22.028 - .518K 


(10) 
And equation (9) becomes 
1 = (1+2.977K )(CO2+C0+.22 ) (12) 
e 


[ 0o4+C0p(14+2.977K)+C0( .245+2.977K)-.22+.655K] 


£PPRMDIX: 


a ll 


Airy te 
SioT Natio 


rs 


Theoretical Air to Fuel Satio Minimum for Complete Combustio 
= A 
(s) min. 


m& 


(Aan 12.55(1 + & By 
YP aE Le ae ae 
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Ackermann Triangle 


sctunl Air to Puel FRetio Supplied to Sngine = (2) act 


(Pact (Smt mi. 


nt a 
(lex ) 


where e and x correspond to CGp and Op found by exhaust 


analyeis. 
Catwald Triangle 


(neg = © (B)man, 


where e corresponds to COp and Ge found by exhaust enalyete. 
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